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Abstract: It was observed that during fermentative produc-
tion of recombinant ovine interferon-H (r-oIFN-H ) in Pichia 
pastoris, a secreted recombinant protein, the protein was 
degraded increasingly after 48 h of induction and the rate of 
degradation increased towards the end of fermentation at 
72 h, when the fermentation was stopped. Proteases, 
whose primary source was the vacuoles, was found in in-
creasing levels in the cytoplasm and in the fermentation 
broth after 48 h of induction and reached maximal values 
when the batch was completed at 72 h. Protease levels at 
various cell fractions as well as in the culture supernatant 
were lower when glycerol was used as the carbon source 
instead of methanol. It can be concluded that methanol me-
tabolism along with cell lysis towards the end of fermenta-
tion contributes to increased proteolytic activity and even-
tual degradation of recombinant protein   
 
Keywords: proteolytic degradation; secreted recombinant 
interferon-H ; methanol; Pichia pastoris 
 
INTRODUCTION 
 
Proteolytic degradation has been a perpetual problem when 
yeasts are employed to express recombinant proteins (Van 
Den Hazel et al., 1996; Kobayashi et al., 2000; Gimenez et 
al., 2000). Yeast vacuoles contain various proteases whose 
levels vary according to the nutritional conditions (Hansen 
et al., 1977). Saccharomyces cerevisiae is known to ex-
press several proteases, some of which have been well 
identified (Van Den Hazel et al., 1996). In comparison, the 
proteases in Pichia pastoris are not well characterized, al-
though there have been several reports of proteolytic deg-
radation of recombinant proteins produced in P. pastoris 
(Sinha et al., 2003; Kobayashi et al., 2000; Zhou and 
Zhang, 2002; Werten et al., 1999). A few remedial meas-
ures like addition of casamino acids, addition of protease 
inhibitors, or use of protease-deficient strains have been 
suggested as means to circumvent proteolytic degradation 
of the recombinant protein (Goodrick et al., 2001; Kurokawa 
et al., 2002; Brankamp et al., 1995). However, no in-depth 
analysis on the conditions that promote proteolysis or the 
nature of the proteases acting on the desired protein is ex-
actly known. There have been no reports of extracellular 
proteases in yeasts, the main source of proteases in Sac-
charomyces being vacuolar proteases, followed by protea-
some and the proteases of the secretory pathway (Yasu-
hara et al., 1994). In S.cervisiae the major vacuolar prote-
ases are proteinase A (PrA), proteinase B (PrB), car-
boxypeptidases, and aminopeptidases (Van Den Hazel et 
al., 1996). It has been observed that when PrA is overex-
pressed in yeast, a part of the enzyme can be secreted 
(Rothman et al., 1986). In general, these soluble proteases 
are contained within the vacuoles, although both vacuolar 
and secretory proteins move through endoplasmic reticulum 
and Golgi complex during their process of synthesis (Yo-
shihisa and Anraku, 1990). Proteolytic degradation of se-
creted recombinant proteins can be caused by degradation 
of the cell membrane due to cell lysis in high cell density 
fermentation. Yeast cells are known to be stressed by star-
vation, change of carbon sources, heat and pH changes, or 
toxic chemicals. Proteins damaged by oxidative stress and 
heat-shock response also elicit a proteolytic response (Hilt 
and Wolf, 1992). In this regard, proteins damaged by oxida-
tive stress are a probability, since methanol metabolism 
demands high oxygen and a by-product is hydrogen perox-
ide. Excess production of the vacuolar proteases resulted in 
a secretion to cytosol and eventually to the culture medium 
(Stevens et al., 1986). In the ongoing research, proteases 
were found to act on several recombinant proteins during 
fermentation, most prominently on recombinant ovine inter-
feron-H (roIFN- H ). The proteases were not detected dur-
ing the glycerol growth phase and their activity increased 
after the first 48 h of the methanol induction phase and 
reached a maximum between 60–72 h of fermentation 
(Sinha et al., 2003). Since, the recombinant proteins are 
also produced during the methanol induction period, the 
presence of proteases was deleterious to the success of 
the process. The purpose of this research is to understand 
the nature of the proteases and the circumstances which 
promote proteolysis of recombinant protein with a view to 
improvement of the recombinant protein production. 
 
MATERIALS AND METHODS 
 
Strain and Inoculum A Mut+ recombinant strain of Pichia 
pastoris X-33 transformed with the oIFN-H gene integrated 
to the P. pastoris chromosome having expression under the 
control of the AOX1 promoter was obtained from Pepgen 
(Alameda, CA). Pichia pastoris X-33 is an His+ mutant ob-
tained from restoring the His gene in P. pastoris GS115 
which is HIS4. The frozen culture was thawed and added to 
previously sterilized BMGY medium (1% yeast extract, 2% 
peptone, 0.1 M potassium phosphate buffer, pH 6.0, 1.3% 
yeast nitrogen base, and 1.2% glycerol) in shake flasks. 
The culture was grown for 48 h approximately to an optical 
density of 4–5; 150 ml of the seed culture was transferred 
aseptically to 2 L of the fermentation medium.  
 
Fermentation Conditions 
 
Fermentations were performed in 5-L Bioflo III/3000 
stirred-tank fermentors (New Brunswick Scientific, Edison, 
GA) having a 2 L starting volume interfaced with computer 
using Biocommand 32 software (New Brunswick Scientific) 
for data acquisition and control. Methanol was fed to the 
fermentor using a closed loop control system with methanol 
feed pump (Model 101  /R, Watson-Marlow, UK), balance 
(Model PG 12001-S, Mettler Toledo, Switzerland) for weigh-
ing the methanol bottle interfaced with the computer using 
Biocommand 32 software. The cells were grown exponen-
tially at a desired specific growth rate by controlling the 
methanol feed using an exponential feed model (Sinha et 
al., 2003). The dissolved oxygen was controlled at 40% 
saturation using a D.O.-agitation cascade system between 
200 and 800 rpm at the beginning of fermentation. When a 
maximum rpm of 800 was reached, pure oxygen was sup-
plied through a gas blender to control dissolved oxygen at 
40% saturation. Methanol concentration in the off gas was 
analyzed with a methanol concentration monitor and con-
troller (Model MC-168, PTI Instruments, Kathleen, GA). The 
fermentation can be divided into various phases, namely, 
the glycerol batch phase, glycerol fed-batch phase, and a 
brief transition phase followed by the methanol fedbatch 
induction phase (Zhang et al., 2000). Fermentations were 
performed at 30jC. The pH during growth (glycerol batch 
and fed-batch phase) was maintained at 5.0, and then 
ramped up to 6.0 over a 2-h period starting from induction 
on methanol (beginning of the transition phase). Saturated 
aqueous ammonium hydroxide was used to control the pH 
at 6.0 until the end of fermentation. FM22 medium (Stratton 
et al., 1998) with citrate (10 mM) was employed for growth 
and recombinant protein production. Glycerol (40 g/l) was 
also added during the batch phase. Glycerol feed was 
started coinciding with a dissolved oxygen spike and fed at 
20 g/l/h for a specified time before being ramped down to 0 
g/l/h at a uniform rate over a 3-h period. The ramping down 
of glycerol marked the beginning of the transition phase and 
1.5 g/l of methanol was added to the bioreactor to allow the 
cells to adjust to methanol. A continuous exponential feed 
of methanol with 2 ml/L of PTM4 salts (methanol fed-batch 
phase) was started as soon as the cells adapted to the new 
carbon source, which was typically 2 h from the point of 
induction. The fermentation was continued for 72 h using an 
exponential methanol feed profile. However, for establishing 
the effect of glycerol on protease activity, in certain experi-
ments 50% v/v glycerol was used as carbon source instead 
of methanol, while the exponential feeding profile and spe-
cific growth rates remained the same as carried out with 
methanol as the sole carbon source. Samples were taken 
at regular intervals and analyzed for various proteases, r-
oIFN-H and total protein.  
 
Localization of Proteases Preparation of Intracellular Ex-
tract 
 
The fermentation broth was centrifuged at 4,000g for 10 
min at 4jC and the pellets containing the yeast cells were 
washed once with 20 mM Pipes-KOH and recentrifuged. A 
wet cell pellet of 0.4 g was taken in each 2 ml tube along 
with 1 ml of 20 mM Pipes-KOH and 0.8 g silica zirconia 
beads and homogenized in a bead beater (Biospec Prod-
ucts, Bartlesville, OK) with 8 cycles of 50 sec each. The 
homogenate was centrifuged at 50000g for 20 min at 4jC 
and the supernatant was taken as the cell free extract.  
 
Preparation of Spheroplasts and Isolation of Periplasmic 
Fraction 
 
Cells were harvested at 4,500g for 5 min, the resulting pel-
let was washed once with 10 mM DTT, 20 mM Tris- SO4, 
pH 9.4, centrifuged at 4,500g for 5 min at 4jC, and the pellet 
was resuspended in 10 mM DTT, 20 mM Tris- SO4, pH 9.4, 
and incubated on a mild rocking shaker at 30jC for 15 min. 
The treated cells were centrifuged at 4,500g for 5 min at 
4jC and the resulting pellet was resuspended in 1 M sorbi-
tol, 20 mM PIPES-KOH, pH 6.8, with 1 U/OD600 lyticase 
and incubated at 30jC for 30 min with mild shaking. Gen-
eration of spheroplasts was ensured by monitoring the de-
crease in absorbance at OD600. As a confirmatory test, a 
small sample of the generated spheroplasts was sus-
pended in 20 mM PIPES-KOH, pH 6.8, when the sphero-
plasts were found to lyse upon microscopic observation. 
The pellet containing the spheroplasts was harvested by 
centrifugation at 1,000g for 5 min. The supernatant from 
centrifugation was taken as the crude proteases and the 
circumstances which promote proteolysis of recombinant 
protein with a view to improvement of the recombinant pro-
tein production.  
 
MATERIALS AND METHODS 
Strain and Inoculum A Mut+ recombinant strain of Pichia 
pastoris X-33 transformed with the oIFN-H gene integrated 
to the P. pastoris chromosome having expression under the 
control of the AOX1 promoter was obtained from Pepgen 
(Alameda, CA). Pichia pastoris X-33 is an His+ mutant ob-
tained from restoring the His gene in P. pastoris GS115 
which is HIS4. The frozen culture was thawed and added to 
previously sterilized BMGY medium (1% yeast extract, 2% 
peptone, 0.1 M potassium phosphate buffer, pH 6.0, 1.3% 
yeast nitrogen base, and 1.2% glycerol) in shake flasks. 
The culture was grown for 48 h approximately to an optical 
density of 4–5; 150 ml of the seed culture was transferred 
aseptically to 2 L of the fermentation medium.  
 
Fermentation Conditions 
 
Fermentations were performed in 5-L Bioflo III/3000 
stirred-tank fermentors (New Brunswick Scientific, Edison, 
GA) having a 2 L starting volume interfaced with computer 
using Biocommand 32 software (New Brunswick Scientific) 
for data acquisition and control. Methanol was fed to the 
fermentor using a closed loop control system with methanol 
feed pump (Model 101 U/R, Watson-Marlow, UK), balance 
(Model PG 12001-S, Mettler Toledo, Switzerland) for weigh-
ing the methanol bottle interfaced with the computer using 
Biocommand 32 software. The cells were grown exponen-
tially at a desired specific growth rate by controlling the 
methanol feed using an exponential feed model (Sinha et 
al., 2003). The dissolved oxygen was controlled at 40% 
saturation using a D.O.-agitation cascade system between 
200 and 800 rpm at the beginning of fermentation. When a 
maximum rpm of 800 was reached, pure oxygen was sup-
plied through a gas blender to control dissolved oxygen at 
40% saturation. Methanol concentration in the off gas was 
analyzed with a methanol concentration monitor and con-
troller (Model MC-168, PTI Instruments,Kathleen, GA). The 
fermentation can be divided into various phases, namely, 
the glycerol batch phase, glycerol fed-batch phase, and a 
brief transition phase followed by the methanol fedbatch 
induction phase (Zhang et al., 2000). Fermentations were 
performed at 30jC. The pH during growth (glycerol batch 
and fed-batch phase) was maintained at 5.0, and then 
ramped up to 6.0 over a 2-h period starting from induction 
on methanol (beginning of the transition phase). Saturated 
aqueous ammonium hydroxide was used to control the pH 
at 6.0 until the end of fermentation. FM22 medium (Stratton 
et al., 1998) with citrate (10 mM) was employed for growth 
and recombinant protein production. Glycerol (40 g/l) was 
also added during the batch phase. Glycerol feed was 
started coinciding with a dissolved oxygen spike and fed at 
20 g/l/h for a specified time before being ramped down to 0 
g/l/h at a uniform rate over a 3-h period. The ramping down 
of glycerol marked the beginning of the transition phase and 
1.5 g/l of methanol was added to the bioreactor to allow the 
cells to adjust to methanol. A continuous exponential feed 
of methanol with 2 ml/L of PTM4 salts (methanol fed-batch 
phase) was started as soon as the cells adapted to the new 
carbon source, which was typically 2 h from the point of 
induction. The fermentation was continued for 72 h using an 
exponential methanol feed profile. However, for establishing 
the effect of glycerol on protease activity, in certain experi-
ments 50% v/v glycerol was used as carbon source instead 
of methanol, while the exponential feeding profile and spe-
cific growth rates remained the same as carried out with 
methanol as the sole carbon source. Samples were taken 
at regular intervals and analyzed for various proteases, r-
oIFN-H and total protein.  
 
Localization of Proteases Preparation of Intracellular Ex-
tract 
 
The fermentation broth was centrifuged at 4,000g for 10 
min at 4jC and the pellets containing the yeast cells were 
washed once with 20 mM Pipes-KOH and recentrifuged. A 
wet cell pellet of 0.4 g was taken in each 2 ml tube along 
with 1 ml of 20 mM Pipes-KOH and 0.8 g silica zirconia 
beads and homogenized in a bead beater (Biospec Prod-
ucts, Bartlesville, OK) with 8 cycles of 50 sec each. The 
homogenate was centrifuged at 50000g for 20 min at 4jC 
and the supernatant was taken as the cell free extract.  
 
Preparation of Spheroplasts and Isolation of Periplasmic 
Fraction 
 
Cells were harvested at 4,500g for 5 min, the resulting 
pellet was washed once with 10 mM DTT, 20 mM Tris- 
SO4, pH 9.4, centrifuged at 4,500g for 5 min at 4jC, and 
the pellet was resuspended in 10 mM DTT, 20 mM Tris- 
SO4, pH 9.4, and incubated on a mild rocking shaker at 
30jC for 15 min. The treated cells were centrifuged at 
4,500g for 5 min at 4jC and the resulting pellet was resus-
pended in 1 M sorbitol, 20 mM PIPES-KOH, pH 6.8, with 1 
U/OD600 lyticase and incubated at 30jC for 30 min with 
mild shaking. Generation of spheroplasts was ensured by 
monitoring the decrease in absorbance at OD600. As a 
confirmatory test, a small sample of the generated sphero-
plasts was suspended in 20 mM PIPES-KOH, pH 6.8, when 
the spheroplasts were found to lyse upon microscopic ob-
servation. The pellet containing the spheroplasts was har-
vested by centrifugation at 1,000g for 5 min. The super-
natant from centrifugation was taken as the crudeperiplas-
mic extract. All centrifugations were carried out in refriger-
ated centrifuges at 4jC.  
 
Isolation of Vacuolar Enzymes and Cytoplasmic Extract 
 
The spheroplasts were resuspended in prechilled 200  M 
sorbitol in an ice-bath, 20 mM Pipes-KOH, pH 6.8, along 
with 50 Ag/OD600 DEAE and then quickly transferred to an 
ice-bath and kept for 5 min. The spheroplast suspension 
was then transferred to 30jC and incubated for 15 min at 
that temperature. The bursting of the spheroplasts was en-
sured by microscopic observation. The resulting suspension 
was centrifuged at 5,000g for 5 min. The supernatant was 
taken as the cytoplasmic extract. The pellet was taken as 
the vacuolar fraction and was suspended in 15% w/v ficoll 
in 200 mM sorbitol, 20 mM Pipes-KOH at OD600 of 40–50. 
Ultracentrifuge tubes of 13 mL each was layered succes-
sively from bottom upwards with 4 ml of vacuolar suspen-
sion in 15%, 8%, 4%, and 2% ficoll in 200 mM sorbitol, 20 
mM Pipes-KOH, and centrifuged at 100,000g for 90 min at 
4jC. Vacuoles were collected from the 4% to 2% ficoll inter-
face. The collected vacuoles were washed with 200 mM 
sorbitol, 20 mM Pipes-KOH, and recentrifuged at 50,000g 
for 20 min. The resulting pellet was suspended in 20 mM 
Pipes-KOH buffer and sonicated for 3 cycles of 30 sec each 
using a pen sonicator using an ice-bath for rapid cooling of 
the samples. 
 
Protease Assays 
 
Total protease in fermentation samples was assayed using 
Bodipy-casein (Molecular Probes, Eugene, OR) as the 
fluorescent substrate (Jones et al., 1997) at a concentration 
of 1 Ag/l. The protease sample was added at a dilution of 
1:40 to 1:10 depending on activity. The enzyme-substrate 
mixture was incubated at 30jC for 4 h in the dark and then 
stopped by addition of 1 M perchloric acid. The samples 
were neutralized by 1 M NaOH and 1 ml of 20 mM MES 
was added to make up the volume and adjust pH. The fluo-
rescent intensity from the protease samples was read at 
480 nm (excitation) and 530 nm (emission). One unit of ac-
tivity was defined as the amount of enzyme required to ob-
tain 10 units of fluorescence activity. Enzyme assays spe-
cific to yeast proteases, proteinase A, proteinase B, car-
boxypeptidase Y, and aminopeptidase activities were car-
ried out on various fermentation samples as described be-
low and the results were determined spectrophotometri-
cally. Proteinase A activity was assayed by measuring the 
release of tyrosine-containing peptides from acid denatured 
hemoglobin at a pH of 3.2 (Lenney et al., 1974). The reac-
tion was carried out by incubating a suitably diluted sample 
of 0.1 mL with 0.4 mL of hemoglobin working solution pre-
pared from mixing equal volumes of acid denatured hemo-
globin stock solution with 0.2 M glycine-HCl, pH 3.2, for 1 h 
30 min at 37jC. The mixture  was centrifuged at 2000g for 5  
in. The released peptides in the supernatant were meas-
ured as tyrosine equivalent using tyrosine as standard. Acid 
denatured hemoglobin was previously prepared by incubat-
ing 25 g/L hemoglobin in 1 N HCl, pH 1.8, for 1 h at 35jC, 
after which the pH was increased to 3.2 with NaOH and the 
concentration was adjusted to 20 g/L. One unit of pro-
teinase A activity corresponded to the amount of enzyme 
that produced 1 Ag of tyrosine equivalent per minute at 750 
nm wavelength. Protease B activity was assayed by meas-
uring the blue dye released from Hide powder azure as 
substrate (Rinderknecht et al., 1968). The reaction was car-
ried out by incubating 0.2 ml of diluted sample of the en-
zyme with 12 mg of Hide powder azure along with 0.375 ml 
of 0.1 M Tris-HCl, pH 7.2, 0.125 mL of 1% w/v Triton X-100 
and  40 AL of 20% w/v SDS at 37jC for 1 h under constant 
shaking. The reaction was stopped by placing the reaction 
mixture in an ice-bath followed by centrifugation at 2,000g 
for 5 min. The supernatant was diluted with 2 ml of distilled 
water and the absorbance was read at 595 nm wavelength 
against a suitable reaction blank. One unit of proteinase B 
activity was defined as the amount of enzyme that pro-
duced an increase in absorbance of 1 OD per minute at 595 
nm under the assay conditions. Carboxypeptidase Y activity 
was assayed by measuring the amount of L-leucine re-
leased upo  enzymatic digestion of N-CBZ-Phe-Leu (N-
benzyloxycarbonyl-L-phenylalanyl- L-leucine) as subtrate 
(Kase et al., 1990). The reaction was carried out by incubat-
ing 0.1 ml of a diluted sample with 1 ml of 5 mM N-CBZ-
Phe-Leu in 0.1 M MOPS buffer, pH 7.0, for 1 h, 30 min at 
37jC with intermittent shaking. The reaction was stopped by 
removing 0.2 mL aliquots to 1 mL ninhydrin reagent in a 
boiling water bath and heated for 5 min at 80–85jC. The 
reaction mixture was cooled to room temperature and the 
absorbance was read at 570 nm wavelength against a re-
agent blank. The amount of Lleucine released was esti-
mated from a standard curve of Lleucine. One unit of CpY 
activity was defined as the 
amount of enzyme that released 1 mmol of L-leucine per 
minute under assay conditions. Aminopeptidase activity 
was assayed by measuring the amount of p-nitroaniline lib-
erated upon enzymatic digestion of leucine-p- itroanilide 
(Trumbly and Bradley, 1983). The reaction was carried out 
by incubating 50 AL of a suitably diluted sample with 100 
AL of leucine-p-nitroanilide stock solution (10 mM in 5 mM 
H2SO4), 50 AM ZnCl2, and 950 AL of 50 mM Tris-HCl, pH 
7.2, for 15 min at 37jC in a constant temperature water 
bath. The liberated yellow p-nitro aniline was measured at 
405 nm wavelength against a suitable blank and estimated 
from a p-nitro aniline standard curve. One unit of aminopep-
tidase activity was defined as the amount of enzyme that 
liberated 1 AM of 
p-nitro aniline per minute under the assay conditions. 
 
SDS-PAGE and Zymogram Analysis 
 
The protein profile in various samples were determined by 
running 12% Tris-glycine precast gels (Novex, Invitrogen) 
periplasmic extract. All centrifugations were carried out in 
refrigerated centrifuges at 4jC. 
  
Isolation of Vacuolar Enzymes  and Cytoplasmic Extract 
 
The spheroplasts were resuspended in prechilled 200 mM 
sorbitol in an ice-bath, 20 mM Pipes-KOH, pH 6.8, along 
with 50 Ag/OD600 DEAE and then quickly transferred to an 
ice-bath and kept for 5 min. The spheroplast suspension 
was then transferred to 30jC and incubated for 15 min at 
that temperature. The bursting of the spheroplasts was en-
sured by microscopic observation. The resulting suspension 
was centrifuged at 5,000g for 5 min. The supernatant was 
taken as the cytoplasmic extract. The pellet was taken as 
the vacuolar fraction and was suspended in 15% w/v ficoll 
in 200 mM sorbitol, 20 mM Pipes-KOH at  OD600 of 40–50. 
Ultracentrifuge tubes of 13 mL each was layered succes-
sively from bottom upwards with 4 ml of vacuolar suspen-
sion in 15%, 8%, 4%, and 2% ficoll in 200 mM sorbitol, 20 
mM Pipes-KOH, and centrifuged at 100,000g for 90 min at 
4jC. Vacuoles were collected from the 4% to 2% ficoll inter-
face. The collected vacuoles were washed with 200 mM 
sorbitol, 20 mM Pipes-KOH, and recentrifuged at 50,000g 
for 20 min. The resulting pellet was suspended in 20 mM 
Pipes-KOH buffer and sonicated for 3 cycles of 30 sec each 
using a pen sonicator using an ice-bath for rapid cooling of 
the samples. 
 
Protease Assays 
 
Total protease in fermentation samples was assayed using 
Bodipy-casein (Molecular Probes, Eugene, OR) as the 
fluorescent substrate (Jones et al., 1997) at a concentration 
of 1 Ag/l. The protease sample was added at a dilution of 
1:40 to 1:10 depending on activity. The enzyme-substrate 
mixture was incubated at 30jC for 4 h in the dark and then 
stopped by addition of 1 M perchloric acid. The samples 
were neutralized by 1 M NaOH and 1 ml of 20 mM MES 
was added to make up the volume and adjust pH. The fluo-
rescent intensity from the protease samples was read at 
480 nm (excitation) and 530 nm (emission). One unit of ac-
tivity was defined as the amount of enzyme required to ob-
tain 10 units of fluorescence activity. Enzyme assays spe-
cific to yeast proteases, proteinase A, proteinase B, car-
boxypeptidase Y, and aminopeptidase activities were car-
ried out on various fermentation samples as described be-
low and the results were determined spectrophotometri-
cally. Proteinase A activity was assayed by measuring the 
release of tyrosine-containing peptides from acid denatured 
hemoglobin at a pH of 3.2 (Lenney et al., 1974). The reac-
tion was carried out by incubating a suitably diluted sample 
of 0.1 mL with 0.4 mL of hemoglobin working solution pre-
pared from mixing equal volumes of acid denatured hemo-
globin stock solution with 0.2 M glycine-HCl, pH 3.2, for 1 h 
30 min at 37jC. The mixture was centrifuged at 2000g for 5 
min. The released peptides in the supernatant were meas-
ured as tyrosine equivalent using tyrosine as standard. Acid 
denatured hemoglobin was previously prepared by incubat-
ing 25 g/L hemoglobin in 1  N HCl, pH 1.8, for 1 h at 35jC, 
after which the pH was increased to 3.2 with NaOH and the 
concentration was adjusted to 20 g/L. One unit of pro-
teinase A activity corresponded to the amount of enzyme 
that produced 1 Ag of tyrosine equivalent per minute at 750 
nm wavelength. Protease B activity was assayed by meas-
uring the blue dye released from Hide powder azure as 
substrate (Rinderknecht et al., 1968). The reaction was car-
ried out by incubating 0.2 ml of diluted sample of the en-
zyme with 12 mg of Hide powder azure along with 0.375 ml 
of 0.1 M  Tris-HCl, pH 7.2, 0.125 mL of 1% w/v Triton X-100 
and 40 AL of 20% w/v SDS at 37jC for 1 h under constant 
shaking. The reaction was stopped by placing the reaction 
mixture in an ice-bath followed by centrifugation at 2,000g 
for 5 min. The supernatant was diluted with 2 ml of distilled 
water and the absorbance was read at 595 nm wave length 
against a suitable reaction blank. One unit of proteinase B 
activity was defined as the amount of enzyme that pro-
duced an increase in absorbance of 1 OD per minute at 595 
nm under the assay conditions. Carboxypeptidase Y activity 
was assayed by measuring the amount of L-leucine re-
leased upon enzymatic digestion of N-CBZ-Phe-Leu (N-
benzyloxycarbonyl-L-phenylalanyl- L-leucine) as substrate 
(Kase et al., 1990). The reaction was carried out by incubat-
ing 0.1 ml of a diluted sample with 1 ml of 5 mM N-CBZ-
Phe-Leu in 0.1 M MOPS buffer, pH 7.0, for 1 h, 30 min at 
37jC with intermittent shaking. The reaction was stopped by 
removing 0.2 mL aliquots to 1 mL ninhydrin reagent in a 
boiling water bath and heated for 5 min at 80–85jC. The 
reaction mixture was cooled to room  emperature and the 
absorbance was read at 570 nm 
wavelength against a reagent blank. The amount of Lleu-
cine released was estimated from a standard curve of Lleu-
cine. One unit of CpY activity was defined as the 
amount of enzyme that released 1 mmol of L-leucine per 
minute under assay conditions. Aminopeptidase activity 
was assayed by measuring the amount of p-nitroaniline lib-
erated upon enzymatic digestion of leucine-p-nitroanilide 
(Trumbly and Bradley, 1983).The reaction was carried out 
by incubating 50 AL of asuitably diluted sample with 100 AL 
of leucine-p-nitroanilide stock solution (10 mM in 5 mM 
H2SO4), 50 AM ZnCl2, and 950 AL of 50 mM Tris-HCl, pH 
7.2, for 15 min at 37jC in a constant temperature water 
bath. The liberated yellow p-nitro aniline was measured at 
405 nm wavelength against a suitable blank and estimated 
from a p-nitro aniline standard curve. One unit of aminopep-
tidase activity was defined as the amount of enzyme that 
liberated 1 AM of p-nitro aniline per minute under the assay 
conditions.  
 
SDS-PAGE and Zymogram Analysis 
 
The protein profile in various samples were determined by 
running 12% Tris-glycine precast gels (Novex, Invitrogen) 
according to the method of Laemmli (1970) under reducing 
conditions using SeeBlue molecular weight marker stan-
dards (Invitrogen, Carlsbad, CA). For zymogram gels, pro-
tein samples were incubated with an equal volume of 2_ 
nonreducing SDS loading buffer for 10 min and then ap-
plied to either precast (Novex, Invitrogen) 12% Trisglycine 
gels containing h-casein as substrate or 10% Trisglycine 
prepared gels containing r-oIFN-H as substrate. Gel elec-
trophoresis was carried out and then the proteins in the gel 
were renatured with Triton-X for 30 min. The resulting gel 
was washed with double-deionized water (using Bran-
stead’s nano-pure diamond UV system that provides water 
with 105 parts per billion (ppb) TOC (total organic carbon) 
and up to 18.2 megohm-cm resistivity water) and incubated 
for 1 h in a Tris-HCl developing buffer. The developed gel 
was stained with Coomassie brilliant blue for 2 h and then 
destained until transparent zones caused by proteolytic di-
gestion of the protein substrate in the gel are visible against 
a blue background.  
 
Western Blotting of Interferon-H 
 
Recombinant-oIFN-H was produced from P. pastoris X-33 
recombinant cell line and purified by DEAE (diethylamino-
ethyl) ion-exchange chromatography and size exclusion 
chromatography to a final purity of >98% as determined by 
HPLC, Coomassie brilliant blue stained SDS-PAGE, and 
silver-stained 2D gel electrophoresis. The pure product was 
stored frozen in Tris-HCl buffer, then thawed just prior to 
use. Protein bands were separated on a 12% Tris-glycine 
gel as described above and then transferred to a PVDF 
membrane using a semidry transfer apparatus (Bio-Rad, 
Hercules, CA). The PVDF membrane was soaked with 
blotto (5% w/v skimmed milk powder in Tris buffer saline) 
and treated sequentially with anti r-oIFN-H antibodies de-
rived  from rabbit for 2 h at a dilution of 1:60,000, washed 
three times with Tris-buffered saline (TBS) followed by 
treatment with goat-antirabbit secondary antibodies (Kirk-
land and Perry, Gaithersburg, MA) at a dilution of 1:40,000 
for 30 min. The membrane was again washed three times 
with TBS and the image was developed using the ECL+plus 
Western Blotting Detection System (Amersham Biosci-
ences, Piscataway, NJ). Previously, antibodies to r-oIFN-H 
from three production and one sanguination bleed were 
retained, aliquoted, and stored frozen at –20jC in serum by 
Covance (Virginville, PA). Prior to storage the antibodies 
were semi-purified by using sequential protein A and pro-
tein G chromatography. To minimize cross-reactivity with 
Pichia proteins, the rabbits were fed a yeast-free diet.  
Assay of Interferon-H  
 
The yield of r-oIFN-H was determined by high-performance  
liquid chromatography (Waters 600E, Milford, MA), using a 
259 VHP polymer (C-4) reversedphase (5 Am, 4.6 _ 150 
mm; Vydac, Hesperia, CA) equipped with four-eluent auto-
blending pump (Waters 600), UV-visible detector  (Waters 
486), and an autosampler (Waters 717) with a combination 
of acetonitrile, iso-propanol, and trifluoroacetic acid as the 
mobile phase. Chrom Perfect software (v. 3.54, Mountain 
View, CA) was used for instrument control, data collection, 
and processing. 
 
Cell Viability 
 
Cell viability was studied using methylene blue dye 
exclusion technique (Martinez de Maranon, 1999). Fermen-
tation samples were taken at regular intervals and a 
suitably diluted cell suspension (approximate OD600 = 
20–30) was mixed with an equal volume of methylene 
blue dye solution for 1 min and then mounted on a hemocy-
tometer to count the percentage of live cells in the total 
population. Cells which take up methylene blue and ap-
peared deep blue were considered dead compared to live 
cells, which appear translucent. In a similar manner, neutral 
red was used to stain the vacuoles of the yeast cells and 
the vacuoles were stained red against a transparent cyto-
plasm.  
 
RESULTS AND DISCUSSION 
 
Action of Proteases on IFN-H 
 
The level of r-oIFN-H produced during methanol induction 
of the Mut+ strain of P. pastoris X-33 drops typically after 
50–55 h (Sinha et al., 2003). Protease activity of the culture 
supernatant was found to increase substantially after 48 h 
into methanol induction and reached a maximum value be-
tween 60 h and 72 h of fermentation. Protease activity was 
below detectable limits during the glycerol batch and glyc-
erol fed-batch phase. Hence, there is a probable relation-
ship between the increase in proteases and the disappear-
ance of r-oIFN-H . To look more closely into this aspect, 
purified r-oIFN-H was incubated in vitro withfermentation 
culture supernatant at 30jC and it was observed that the r-
oIFN-H concentration decreased with time compared to a 
control having only r-oIFN-H and no protease (Table I). This 
suggests that r-oIFN-H is degraded by the proteases in the 
fermentation culture supernatant. To further confirm this 
observation, a zymogram gel was prepared which con-
tained r-oIFN-H as substrate. While the zone clearing in 
lane 1 was from the proteases present in fermentation su-
pernatant, the zone clearing in lane 2 resulted from a par-
tially enriched protease from the same source. Cleared 
zones against the blue background confirmed the prote-
olytic degradation of r-oIFN-H (Fig. 1). 
 
Fermentation Conditions and Proteolytic Activity 
 
Proteolytic activity in the fermentation culture supernatant 
varied with changes in the in the culture conditions and  
medium composition. It was observed that pH 5.0 elicits 
increased proteolytic response (an average of 2,836 U/mL 
protease or 1,243.9 U of protease/mg protein in fermenta-
tion supernatant) and results in lower r-oIFN-H production. 
However, at pH 6.0 the proteolytic activity and IFN-H 
degradation was substantially reduced (Table II). Use of 
5 g/L casamino acids reduced proteolysis of IFN-H over 
the original FM22 medium, perhaps by acting as a preferen-
tial substrate (Table II). When the level of total phosphate 
present in original FM22 medium was reduced to 0.6 times 
the level of phosphate in original FM22 medium, protease 
activity increased more than twice than that obtained using 
original FM22 medium; while protease activity was reduced 
slightly when 1.4 times the level of total phosphates present 
in original FM22 medium was used (Table II). With varia-
tions in levels (0.4 times higher or lower of original FM22) of 
either the entire FM22 medium (Table II) or other individual 
medium components; however, no clear relationship 
emerged between protease levels in the fermentation su-
pernatant and the media composition (data not shown). An 
intermittent feed of nitrogen (designated ‘‘High nitrogen 
feed’’ in Table II) in the form of ammonium sulfate (200 g/L) 
was fed at the rate of 2 mL every 3 h beginning at induction 
until the end of the batch. This reduced proteolytic activity, 
but not with any remarkable differences with the originally 
described process using FM22 medium (Table II). Higher 
concentrations of nitrogen feed did not show any further 
reduction in protease activity (data not shown). It was con-
cluded that nitrogen limitation is not the prominent cause of 
proteolytic activity and the medium composition has ade-
quate nutrients in the form of nitrogen, phosphorus, or min-
erals and has little to do with increased proteases. Since, 
the proteolytic activity was detected after the carbon source 
transition from glycerol to methanol and increased both with 
time of induction as well as with increasing growth rates on 
methanol, it was suspected that either the process of transi-
tion or methanol itself as carbon source  
 
 or presence of recombinant protein gene elicits proteolytic 
action. 
 
Intracellular Proteases in P. pastoris 
 
To further understand what causes proteolysis, the fermen-
tations were carried out, as described above, using metha-
nol as substrate. For comparison, P. pastoris X-33 recom-
binant cell line was cultivated on glycerol as the sole carbon 
source following the same exponential feed profile (A = 
0.025) as described using methanol as the carbon source. 
This helped to understand the effect of methanol on prote-
ase production during fermentation. The time course of pro-
tease activity in 
P. pastoris culture supernatant was studied. The proteases 
were assayed for total protease activity as well as four 
prominent vacuolar proteases, PrA, PrB, CpY, and amin-
opeptidase, in order to understand the mechanisms related 
to proteolytic degradation of the recombinant protein. It was 
observed that when cells were either induced on methanol 
or grown on glycerol to the same cell density, both intracel-
lular levels and activity in the fermentation broth of pro-
teinase A, proteinase B, carboxypeptidase Y, and amin-
opeptidases were higher using methanol as the substrate 
compared to using glycerol as the substrate (Figs. 2–5). A 
maximum aminopeptidase activity of 1,556.9 U/ml cell was 
measured in the intracellular extract on methanol grown 
cells compared to 1,021.2 U/ml cells in the intracellular ex-
tract from cells cultivated on glycerol as the sole carbon 
source. In general, the levels of the four proteases obtained 
from the intracellular extract increased rapidly from the be-
ginning of induction and reached a steady level from 24 h, 
often decreasing towards the end of fermentation at 72 h 
(Figs. 2–5). Similarly, the intracellular levels of the total pro-
teases, as measured by fluorescent casein assay, in-
creased rapidly after transition from glycerol to metha 
nol, then remained constant and decreased towards 
the later stages of fermentation. 
 
  
Protease Activities Found in P. pastoris Culture Super-
natant 
The time course of proteases in P. pastoris culture 
supernatant was studied. The same enzyme activities 
which were detected in the intracellular extract were pre-
sent in the the cell between 60 h and 72 h or onset of sta-
tionary phase. Thus, the proteases, which were found on 
methanol as substrate were also found on glycerol as sub-
strate, its levels were much reduced when glycerol was 
used (Figs. 2–5). Using glycerol as the carbon source, the 
total proteases were also lower than that obtained from 
growth on methanol as the sole carbon source (Table II). 
For comparison, fermentations were carried out with P. pas-
toris (X-33 WT) and induced in a similar fashion on metha-
nol. Analysis of protease activity revealed types of prote-
ases similar to P. pastoris recombinant clone (Fig. 7). Also, 
no significant difference in the levels of proteases were ob-
tained between the wildtype and the recombinant clone 
(data not shown). Further, zymogram analysis of the perip-
lasmic, cytoplasmic, and vacuolar extracts of both P. pas-
toris wildtype and the recombinant clone show comparable 
protease activity of the corresponding fractions from two 
clones (Fig. 7). Hence, it can be concluded that the pres-
ence of the IFN-H gene did not create any metabolic bur-
den on the cell triggering excess proteolytic activity.  These 
observations suggest that most of these proteases active 
on r-oIFN-H in P. pastoris are intracellular and not secreted 
(Figs. 2–7). The literature reports suggest similar proteases 
are present in other industrially important yeasts like Sac-
charomyces and Kluyveromyces species, their primary 
source being vacuoles (Yasuhara et al., 1994; Flores et al., 
1999). Western blots of the proteolytic degradation pattern 
of the recombinant protein, r-oIFN-H , with in vitro studies 
using both cell-free extracts andculture supernatant re-
vealed similar degradation patterns 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
Figure 4. Time course of carboxypeptidase Y activity during r-oIFN-H 
production by Pichia pastoris: 5 cell free extract-methanol; n culture 
supernatant-methanol; E cell free extract-glycerol; o culture 
supernatant-glycerol. 
 
 
Figure 5. Time course of aminopeptidase activity during r-
oIFN-H production by Pichia pastoris: 5 cell free extract-
methanol; n culture supernatant-methanol; E cell free ex-
tract-glycerol; o culture supernatant-glycerol. 
 
 
 
 
 
 
 
 
 
  
 
 
Figure 6. Western blots of r-oIFN-H digested with (A) fer-
mentation culture supernatant and (B) cell-free extract in 
the presence of inhibitors with no inhibitor as the control. 
From left: r-oIFN-H in buffer (Lane 0 and 
1 in A; Lane 1 in B); Lane 2: r-oIFN-H (T) with protease 
source (P); Lane 3: H + P + PMSF; Lane 4: H + P + pep-
statin; Lane 5: H + P + EDTA; Lane 6: H + P + cocktail of 
PMSF, pepstatin, and EDTA. 
 
 
Figure 7. Casein zymogram of distribution of protease activ-
ity in culture supernatant, cell-free extract, and  vacuolar 
fractions during fermentation. On methanol (recombinant 
oIFN-H cell line) 1: culture supernatant; 2: cellfree extract; 
3: periplasmic extract; 4: cytoplasmic extract; 5, 6: vacuolar 
extracts from two consecutive ficoll layers; 7: Marker; on 
methanol (WT) 8: periplasmic extract; 9: cytoplasmic ex-
tract; 10: vacuolar extract. 
 
 (Fig. 6). Thus, it may be concluded that proteases, which 
are generally intracellular, are found in the fermentation 
broth during high-density cell growth, especially on 
methanol as substrate. Since the protease levels increased 
slowly during induction, reaching maximal values towards 
the end of fermentation at 72 h, which also corresponds to 
the sustainable limit of fermentor capacity, growth on 
methanol itself as also cell lysis may be one of the possible 
mechanisms behind release of protease activity in the cul-
ture supernatant. 
 
Cell Viability Studies 
 
The methylene blue dye exclusion technique was used to 
differentiate between live and dead cells during fermenta-
tion and, in turn, to determine if cell lysis is contributing to 
increased proteolytic activity in the fermentation broth.  
Neutral red is actively taken up and internalized by live 
vacuoles, which appear as purple spherical bodies against 
a clear cytoplasm, whereas dead cells appear as a red 
smear. Cell count measurements indicated that the per-
centage of dead cells is minimal on both glycerol and 
methanol as the carbon source until the first 48 h of induc-
tion. However, the morphology of the cells was different. 
The cells grown on methanol were generally smaller and 
denser compared to cells grown on glycerol as the sole 
carbon source. The cells on either substrate tend to grow 
larger as fermentation progressed, with the vacuoles also 
increasing in size and numbers. The amount of live cells on 
methanol was on average 95% and 91%, respectively, at 
60 h and 72 h of induction. However, on staining with neu-
tral red more cells appeared as a red smear compared to 
red-stained vacuoles present at 48 h. No appreciable 
amount of dead cells was observed with cells grown on 
glycerol until 72 h of fermentation. These observations sug-
gest that cells remain more viable on glycerol compared to 
methanol. It has been reported that only a small fraction of 
Pichia cells actually lyse even if they become nonviable at 
any earlier stage; however, this still accounts for significant 
release of host cell protein to the fermentation medium 
(Hohenblum et al., 2003).  owever, leaky cell membranes 
due to the action of hydrogen peroxide and formaldehyde 
formed as a byproduct 
of methanol metabolism is a possibility. Assessment of cell 
viability during P. pastoris fermentation using flow cytometry 
has shown that almost 35% of the cells become nonviable 
(Hohenblum et al., 2003). They concluded that dead cells 
retain the cell proteins as long as they are not lysed. Fur-
ther research is necessary to understand the exact mecha-
nism of release of intracellular proteases to the fermenta-
tion medium in the presence of methanol. 
 
Studies on Inhibition of Proteases 
 
Inhibitors belonging to four different classes of enzymes, 
namely, serine, cysteine, aspartic, and metallo, were added 
separately to the enzyme source (fermentation culture su-
pernatant) and incubated for 30 min before starting the fluo-
rescent enzyme assay using Bodipy casein as substrate. 
The enzyme source, which was the 72 h fermentation cul-
ture supernatant from an IFN-H fermentation, without inhibi-
tors was used as control. It was found that, of the various 
inhibitors employed, phenyl methyl sulfonyl fluoride (PMSF) 
(1 mM) reduced the total protease activity by 78%, while 1 
mM EDTA reduced the activity by 45% (Table III). A combi-
nation of 1 mM EDTA and 1 mM PMSF reduced protease 
activity by 94.2% (Table III). When the PMSF concentration 
was increased from 1 mM to 10 mM, precipitate was seen; 
however, no further increase in inhibition was observed, 
which proves that 1 mM is an effective concentration to in-
hibit all serine proteases in the culture supernatant. It was 
further observed that a 1 mM PMSF-treated fermentation 
culture supernatant did not degrade IFN-H in an in vitro ex-
periment, as described above (Fig. 6). However, the inhibi-
tion profile differed between fluorescent casein and IFN-H 
as substrate (as with Bodipy casein), its hydrolysis was re-
duced when EDTA, a metalloprotease inhibitor, was added 
to the culture supernatant while r-oIFN-H degradation was 
not prevented by EDTA. This showed that while Bodipy ca-
sein was susceptible to metalloproteases, IFN-H was not. 
The extent of inhibition with a combination of PMSF, pep-
statin, EDTA, and E64 was similar to the amount of inhibi-
tion with PMSF and EDTA, but no significant inhibition in 
protease activity was noted with pepstatin or E64 or their 
combination (Table III). The lack of inhibition with pepstatin 
was not unexpected, as aspartic proteases are generally 
active at pH 3.0 and the assay was done at pH 6. 
 
 
 
The enzyme source was treated with each inhibitor for 30 min prior to 
enyme assay. 
Results presented are average of data points from three independent 
experiments. 
 
However, when the culture supernatant was treated with 
pepstatin, 10% of PrA activity remained (assayed at pH 3.2) 
compared to control, indicating the presence of aspartic 
proteases in the medium. Purified r-oIFN-H was then incu-
bated separately with fermentation culture supernatant and 
cell-free extract which was pretreated with inhibitors like 
PMSF, pepstatin, EDTA, E-64, and a cocktail of all of these 
inhibitors. It was observed both from Western blots as well 
as HPLC analysis that PMSF and pepstatin prevents the 
digestion of IFN-H to a  aximum extent, followed by EDTA. 
Pepstatin and PMSF prevent most degradation; however, a 
part of roIFN- H is broken down to a lower molecular weight 
fragment which is possibly from inactivation of these inhibi-
tors in an aqueous reaction environment over a 48-h period. 
It may be concluded that IFN-H is acted on by various pro-
teases, a serine and aspartic protease being maximally ac-
tive on the protein (Fig. 6). Various mechanistic classes of 
proteases are present in the Pichia fermentation culture 
supernatants that are also present in the 
intracellular extract. These proteases have different specific 
activities against various proteins and, hence, individual 
proteins needs to be tested for the kind of inhibitor suitable 
to prevent its degradation.  
 
Localization of Proteases 
 
Fermentation samples were taken at regular intervals dur-
ing the induction phase and various cellular fractions 
(periplasmic extract, the cytoplasmic extract, vacuolar sap) 
were isolated as described above and examined for 
proteolytic activity by assaying for total proteases and the 
major vacuolar proteases, proteinase A (PrA), proteinase B 
(PrB), carboxypeptidase Y (CpY), and aminopeptidases. 
The localization studies were based on time-course sam-
ples taken from P. pastoris recombinant cell line cultivated 
on methanol or glycerol as a comparative carbon source. 
This experimental plan gave us the opportunity to examine 
the changes in the nature and levels of proteases for the 
changeover of the carbon source from glycerol to methanol 
for r-oIFN-H induction during the course of fermentation 
with respect to using glycerol as the sole carbon source 
throughout the fermentation. Inhibitors were employed to 
inhibit proteolytic activity at various stages to ensure validity 
of the observations. Pepstatin was found to inhibit pro-
teinase A, PMSF almost completely inhibited proteinase B 
and carboxypeptidase reactions, while EDTA inhibited 
aminopeptidase (Ap) activity. Detailed analysis of the time 
course of periplasmic extracts revealed that although total 
proteolytic activity could be detected by fluorescence assay, 
PrA and CpY activity was below the detectable limit 
in the periplasmic extracts. Very little PrB and aminopepti-
dase activity was detected at random in some of the ex-
perimental repeats, which might result from lysis of a few 
cells during the process of spheroplast formation. Detection 
of proteolytic activity in fluorescence assay indicated the 
possibility of membrane-bound proteases being released 
during the process of spheroplast formation. However, they 
were not likely contributors to proteolysis, since in vitro in-
cubation of the periplasmic extract with r-oIFN-H was not 
found to digest the protein from Western blot analysis. 
Moreover, it was  nlikely that membrane-bound proteases 
might be released during fermentation, considering the fact 
that no degeneration of the cell wall was noticed during 
fermentation and, as described above, cell death was no-
ticed only during the later stages of fermentation, between 
60–72 h. PrA, PrB, CpY, and Ap were all detected to vary-
ing extents in the cytoplasmic extracts. As a general trend, 
higher levels of these enzymes were found from 48 h of 
induction when methanol was used as a carbon source. 
When the cells were not induced, but grown on an expo-
nential growth profile on glycerol (A = 0.025 h_1), the levels 
of vacuolar proteases in the cytoplasmic extract were lower 
than the levels of these proteases obtained when methanol 
was used (Table IV). The levels of the vacuolar proteases 
assayed increased rapidly from 0–24 h of induction and 
then decreased slowly after 48 h until batch termination at  
72 h of induction. In contrast, the levels of cytoplasmic pro-
teases increased during 48 h and 72 h of induction, al-
though proteases measured in cell-free extracts generally 
increased at 0 h of induction and stayed at relatively con-
stant levels (Figs. 2–5). These trends revealed that PrA, 
PrB, CpY, and Aps are of a vacuolar origin similar to other 
yeasts (Yasuhara et al., 1994; Flores et al., 1999), but can 
be found in cytoplasm as well in the fermentation broth, 
mostly during the later part of induction on methanol, and to 
a much lesser extent on glycerol. Analysis of the protease 
profile on a casein zymogram also revealed common prote-
ase bands between various cellular extracts (namely, cyto-
plasmic extract, vacuolar extract, and medium supernatant), 
showing the presence of proteases of vacuolar origin in the fermentation culture supernatant (Fig. 7). 
 
 
 
 
Based on maximum proteolytic activity in each extract, which was at 72 h. 
Results presented are average of data points from at least two independent experiments, % coefficient of variation ((std. dev./average) _ 100) < 5. 
*U/mg: U/mg protein in the extract. BDL: below detection limit. 
 
It is probable that cell growth on methanol as carbon 
source for induction of recombinant protein production 
causes stress on the cell machinery to elicit higher 
protease activity. The degradation of screted recombi-
nant proteinsmight be a combined action of overpro-
duction of proteases which results in mislcalization to 
the fermentation medium, with leaky membranes re-
sulting from cultivation on methanol and cell lysis add-
ing to the overall process of proteolysis. This suggests 
that the induction time of P. pastoris growing on 
methanol as the sole carbon source is a critical factor 
which controls protease activity during P. pastoris fer-
mentation. Hence, the kinetics of product accumulation 
versus its degradation due to proteolysis needs to be 
figured out for determining the optimal induction time 
for production of a recombinant protein from a Mut+ 
strain of P. pastoris. In this regard, induction at high 
cell-density after extended glycerol fed-batch phase to 
enhance cell growth, followed by short induction times 
on methanol, should prevent proteolytic degradation of 
the target protein. In general, mixed feeds of  ethanol 
and glycerol using Muts (methanol utilization slow) 
strain or in some cases Mut+ strain should be a better 
choice over using methanol as the sole carbon source 
to prevent proteolysis during fermentation (Zhang et 
al., 2003). However, protease deficient (SMD series) 
strains may not be the strain of choice, as they have 
typically reduced growth rates compared to their wild-
type counterpart (Gleeson et al,1998).  
 
CONCLUSION 
 
Methanol, which induces AOX1 promoter for recombi-
nant protein induction, also creates conditions which 
trigger excess protease production and cell lysis when 
grown exponentially on methanol resulting in prote-
olytic degradation of the secreted protein during high 
cell density fermentation. The proteolytic activity in-
creases with the time of induction as well as the spe-
cific growth rate on methanol. Hence, it is important to 
determine the optimum 
induction time and substrate feed strategies for re-
combinant protein production. The exact mechanism 
of increase in protease activity in the fermentation 
broth is not known, but it is clear that use of methanol 
as carbon source results in release or misdirection of 
proteases of vacuolar origin to the fermentation me-
dium, causing degradation of 
secreted proteins.  
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